We study networks of firms with Constant Elasticity of Substitution (CES) production functions. Relying on results from Random Matrix Theory, we argue that such networks generically become unstable when their size increases, when the heterogeneity in productivities/connectivities becomes too strong or when substitutability is reduced. At marginal stability and for large heterogeneities, we find that the distribution of firm sizes develops a power-law tail, as observed empirically. Crises can be triggered by small idiosyncratic shocks, which lead to "avalanches" of defaults characterized by a power-law distribution of total output losses. We conjecture that evolutionary and behavioural forces conspire to keep the economy close to marginal stability. This scenario would naturally explain the well-known "small shocks, large business cycles" puzzle, as anticipated long ago Why is the output of large economies so volatile? Why do small idiosyncratic fluctuations lead to large business cycles? These questions have been at the forefront of economic research for decades [3] [4] [5] [6] .
INTRODUCTION
Acemoglu et al. [17] is only stable in a certain region of parameters, outside of which large fluctuations emerge endogenously, i.e. without any microscopic shocks. These fluctuations arise from a breakdown of coordination between the different sectors and illustrate how some mechanisms present in the real world may cause the economy to be intrinsically unstable.
This idea (that the economy may in itself be unstable and turbulent) was in fact already mentioned in 1948 by Hawkins [27] (see also [28] ) and picked up again by Bak, Chen, Scheinkman and Woodford [1, 2] in the context of "self-organized critical" (SOC) states in complex systems [29] . In such a state, small microscopic perturbations give rise to macroscopic fluctuations -like avalanches in sand piles.
Similar ideas have emerged in the context of theoretical ecology. In his seminal paper, Will a Large Complex System be Stable?, May [30] argued that a large number of very different species can lead an ecosystem to instabilities and mass extinctions. May's paradigm has recently been made much more explicit in the context of a generalized Lotka-Volterra model in Refs. [31] [32] [33] , where it is shown that the system indeed spontaneously evolves towards a marginally stable state that is anomalously sensitive to small perturbations. Unfortunately, this stream of ideas has not gained much traction in the economics literature, perhaps for lack of a convincing modelling framework. (See however [20] [21] [22] [23] for financial network models with explicit references to ecosystems.)
The aim of the present work is to present an economically motivated model where marginal stability appears naturally, and leads to an amplification of small, idiosyncratic shocks along the input-output network. Interestingly, our model is closely related to the ecological models alluded above, and builds upon the classic -but still extremely active -field of Random Matrix Theory, that describes the statistical properties of the eigenvalues/eigenvectors of certain families of random matrices, here related to the input-output matrix. We find that for a fixed number of firms N , increased interlinkages, profit maximisation and/or reduced substitutability drive the system at the edge of instability. Similarly, increasing the number of firms at fixed productivity also leads to a critical state. At criticality, small idiosyncratic shocks can lead to bankruptcy avalanches, which, depending on the topology of the network and the heterogeneity of firms' productivity, can be either small and localized or system-wide, with all possible gradations.
In the present paper, we only give a short account of our results, leaving a more in-depth presentation to a forthcoming publication [34] .
THE MODEL
We consider N firms with a given input-output network determined by the technology available to firms. The "technology network" is a directed graph where nodes represent firms and where a directed edge j → i exists if i needs goods produced by j for its own production. The node i = 0 conventionally represents households, and supplies firms with labour while consuming a part of their output. The link j → i carries a "stoichiometric weight" J i j , measuring the number of j goods needed to make an unit of i's production. The set of suppliers of i is thus given by { j/J i j = 0}, while the set of clients is { j/J ji = 0}. The production of i, π i , is given by a so-called CES (Constant Elasticity of Substitution) function, which reads [35] 
where z i is the firm's productivity, Q i j is the number of goods firm i buys from firm j and a i j ≥ 0 are weight parameters. The parameter q measures the global substitutability of the different inputs. When q → 0, no substitutes are available and Eq. (1) reduces to the Leontief production function:
The Cobb-Douglas function π i = z i j (Q i j /J i j ) a i j corresponds to q → ∞ and is often used to describe the average aggregate production of economic sectors [3] , or of the economy as a whole. In a Cobb-Douglas economy, the loss of a fraction f of good j can always be compensated by an increase of any other good k by a factor 1/ f a ik /a i j . In the Leontief case, on the other hand, the loss of a fraction f of good j cannot be compensated and translates to an immediate loss of the same fraction f of total production π i . It models a situation where redundancy is costly. Firms therefore choose their suppliers with parsimony and cannot "rewire" (i.e. find alternative suppliers) on short time scales in the real economy. For example, in the aftermath of the 2011 tsunami and Fukushima Daiichi nuclear power plant disaster, the shortage of a few, seemingly unimportant components had a severe impact on the car industry [36, 37] , very dependent on products manufactured in Japan. The incident highlighted how competition led firms to have a very tight supply-chain strategy, as in the words of an observer: "In the race to provide better quality at lower prices, manufacturers picked very narrow, optimized supply chains" which caused them to be very dependent on the "one supplier that had the best product at the lowest price" [38] . At the time of the disruption, firms had to swiftly re-think their supply-chain strategy and large-scale rewirings of the production network took place.
The influence of possible rewirings is beyond the scope of this paper, but for preliminary work in that direction see [39] 3 . In the following, we will for simplicity focus on the extreme case of a Leontief production function q → 0, but will show that our results hold true for in a range q ∈ [0, q c ], where the critical value q c depends on the network and on the productivities.
Calling p i the price of the goods produced by firm i, its profit i reads, for q → 0:
where p 0 is the labour wage. Optimizing the profit with respect to all inputs Q i j (including labour Q i0 ) leads to the condition:
such that profit can be written as
We now assume that households' optimal consumption of good i, given a certain utility function and a vector of prices, are given by C i > 0 4 .
As standard in the literature, we now assume:
• Market Clearing, i.e. every good that is produced is either consumed by households or bought by other firms for their own production. Hence:
• Competitive Equilibrium, i.e. competition drives profits to zero. Hence:
where we have defined V i = J i0 p 0 and imposed that γ i = 0, ∀i (otherwise Eq. (7) cannot be satisfied). 3 One could consider a case where firms have several possible suppliers j within the same sector J and write π i = z i min J max j∈J Q i j J i j . This extension will be studied at a later stage of the project. 4 For example, for a utility function = i θ i log(C i ) and a certain budget B, the optimal consumption C i is:
but any other type of utility function would work in our model, as long as consumption levels be strictly positive. Now, in order for the equilibrium to make sense, the solutions to Eqs. (7, 8) must be such that γ i > 0 and p i > 0, ∀i; i.e. that equilibrium prices and quantities must be strictly positive.
As first noted by Hawkins & Simon [28] , this is not automatic and requires the matrix M, defined by (M) i j = z i δ i j − J i j to be a so-called "M-matrix" 5 , i.e. such that all its eigenvalues have non-negative real parts [40] . Therefore some conditions on productivities and linkages must be fulfilled for the economy to work.
This condition is the equivalent, in an ecological context, of May's stability criterion that allows the equilibrium population of all species to be strictly positive [31, 32] . In fact, Eqs. (7, 8) are identical, mutatis mutandis, to the equation determining the equilibrium size of species in a generalized Lotka-Volterra model [33] .
In the case of a more general CES production function with q ≥ 0, the competitive equilibrium equation reads:
which boils down to Eq. (8) when q = 0. Interestingly, setting p i = p ζ i , one finds again that the condition for an admissible equilibrium is that the matrix (
Note that since j =0 a i j < 1, Cobb-Douglas networked economies, such as considered in Acemoglu, Carvalho et al. [17] and corresponding to q → ∞, always have an admissible equilibrium, for any network and any productivities. Therefore, the type of shock propagation that takes place in our model has no counterpart in a Cobb-Douglas economy.
STABILITY CONDITIONS FOR MODEL NETWORKS
Here and below we will for simplicity focus on the Leontief case, commenting on the more general case q > 0 in the conclusion. In order to gain some intuition on the stability conditions, let us first consider a random directed network, where each supply link J i j is equal to J with probability r and 0 with probability 1 − r, and where all N firms have the same productivity z. The spectrum of M in this case is well known when N 1 and r ∼ (1). It consists of an isolated eigenvalue λ min = z −J r N and a "sea" of complex eigenvalues uniformly distributed in a disc of radius J r(1 − r)N centred at z (see e.g. [41, 42] ). The stability condition therefore reads z > J r N , i.e. productivity must be large enough for the economy to function. The most unstable eigenvector, corresponding to eigenvalue λ min , is the uniform vector (1/ N , . . . , 1/ N ). As will be clear below, this corresponds to a case where crises are system wide. The same qualitative result holds when productivities are weakly heteroge-
More interesting -but more complex! -is the case where the average number of suppliers c = r N is of order unity (i.e. when r = (N −1 )). In the random regular network (RRN) where each firm has exactly c suppliers (and c customers) chosen randomly among the N − 1 other firms, one knows that the spectrum of M again consists of an isolated eigenvalue λ min = z − J c and a "sea" of complex eigenvalues distributed in a disc of radius J c centred at z. 6 When heterogeneity is introduced, either topological (i.e. letting the number of suppliers/customers to vary) or because the couplings J and the productivities z fluctuate, there is no exact results available, in particular in the case where M is not a symmetric matrix -see [43] for a very recent survey.
When M is symmetric, exact results are still scarce but a huge amount of work has been done in the physics, mathematics and computer science literature to characterize the eigenvalues and eigenvectors of such random matrices [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . The reason is that such symmetric random matrices appear is many physical situations, such as the vibration spectrum of amorphous solids or the energy spectrum of quantum systems with impurities. Such random matrices also appear in graph theory and computer science. The problem of estimating the extremal eigenvalue is of special importance, as it appears in many different problems (such as epidemic or rumor spreading [54] -or crisis propagation as in the present work); the associated eigenvector is related to the concept of node centrality in network theory [55] ; see also [56] and refs. therein.
In the sequel, we will call ∆ 2 the variance of fluctuations (of connectivity, productivity, etc.). From the host of results accumulated in the last decades, the following general scenario is expected (see [53] and Fig. 1 for the case of random regular graphs):
• For ∆ = 0, all eigenvalues except one have their real part confined in a certain interval Compare to Fig.1, valid for an un-directed graph, in [53] . RRN example) , while the isolated eigenvalue is located to the left of this interval, at a non-zero distance g from its edge.
• As ∆ increases, the interval broadens and its edges become somewhat blurred, while the isolated eigenvalue gets closer and closer to the lower edge of (see Fig. 1 ).
• Beyond a certain critical value ∆ c , the isolated eigenvalue is "eaten up" by and disappears (this is called, in a different context, the Baik-Ben Arous-Péché (BBP) transition [57] ).
Furthermore, as soon as ∆ is non zero, the interval is further subdivided into 3 intervals − , 0 , + (with 0 possibly empty, see Fig. 1 ), where the structure of the corresponding eigenvectors is markedly different. In the central part 0 , eigenvectors are extended, or delocalized, whereas in the extreme parts − , + , eigenvectors are localized. In a hand-waving manner, "localized" means that most of the norm of the vector is concentrated on a few nodes (firms), whereas "delocalized" means that the norm is well spread out over all nodes. More precisely, calling v 1 , v 2 , ..., v N the component of a normalized vector |V 〉, the localized/delocalized nature of |V 〉 is captured by its Herfindahl index (called Inverse Participation Ratio (IPR) in the physics literature):
A localized eigenvector is such that IPR(|V 〉) = (1) in the limit N → ∞ whereas a delocalized eigenvector has IPR(|V 〉) = (N −1 ). The importance of this distinction for crisis propagation in the context of our model will become clear below.
Owing to the structure of M, the Perron-Frobenius theorem ensures that its leftmost eigenvalue λ min is real with a real positive eigenvector u i > 0. As stated above, λ min must be positive for M to be an M-matrix, i.e. for all prices and all quantities to be positive. As λ min → 0, the economy becomes more and more fragile to external shocks. Let us for example consider the case where the productivity z i of some firms decrease by − δ i < 0, and/or that some of the stoichiometric weights J i j increase by some amount δ i j > 0. To first order in , one finds that the leftmost eigenvalue is shifted as:
Since both correction terms are negative, this formula shows that as the system becomes marginally stable, any local decrease of productivity/increase of required inputs tips the system towards the unstable region. A certain number of prices/quantities then become negative.
Intuitively, the physiognomy of these "crises" will depend on the localized/delocalized nature of the eigenvector |U〉 corresponding to λ min , as we now discuss.
The next order correction to Eq. (11) is of order 2 /g, where g is the gap between λ min and the next eigenvalue of M; therefore first order perturbation theory is only valid provided g.
Now, two cases must be distinguished, depending on the strength ∆ of the heterogeneities:
• When ∆ < ∆ c , the leftmost eigenvalue is isolated, in which case g > 0 even when N → ∞. The first order result Eq. (11) is then valid when is small enough. Furthermore, the associated eigenvector |U〉 is delocalized. From Eq. (11), one deduces that a localized shock -say on firm alone -decreases λ min by ∼ −δz /N . The system is unstable when δz > N λ min , but for this condition to be compatible with δz g, one must also require N λ min g. When destabilized, the shock propagates over the whole system, because of the delocalized nature of |U〉. In the case of a small global productivity shock δz i = δz, ∀i, the destabilisation occurs as soon as δz > λ min .
• When ∆ > ∆ c , the leftmost eigenvalue is at the edge of the interval − , such that the gap g(N ) generically goes to zero as N → ∞. Furthermore, the associated eigenvector |U〉 is now localized, usually centred around particularly low productivity/high connectivity firms (called the Lifschitz regions in the physics literature [53, 58, 59] ). In this case, however, first order perturbation theory breaks down as soon as ∼ g(N ), so one must have recourse to numerical simulations to characterize the associated crisis patternssee next section.
Finally, the following remark is very useful to get an intuition about crisis propagation in our model. Note that one can write prices and outputs using the inverse matrix M −1 and its transpose. In the simple case where ∀i, z i = z, one can expand M −1 in the stable region as
with (J) i j = J i j , since the stability condition implies that the spectral radius of J is smaller than z. Now, the term (J k ) i j consists of the sum of all paths of length k linking firm j to firm i. Marginal stability corresponds to this sum becoming divergent, with paths of all lengths contributing to (M −1 ) i j . This interpretation also holds in case of heterogeneous z i s. 7 The instability is therefore related to a situation where shocks can propagate over paths of arbitrary length in the input-output network. This is closely related to second-order phase transitions in physics, where correlations extend over macroscopic distances and the response to small perturbations diverges [60] . 7 Indeed one can always write an M-matrix as M = z max 1 − B where B is non negative, and expand the series as 
NUMERICAL RESULTS: BROAD DISTRIBUTION OF FIRM SIZES AND CRISES
We will consider the simplest model of a random regular network, where each firm has exactly c suppliers and c customers, each chosen randomly among the N − 1 other firms (other types of networks will be discussed in [34] ). Each firm has a random productivity uniformly chosen in the interval [z − W /2, z + W /2], such that z is the average productivity and ∆ = W /2 3. The stoichiometric coefficients J i j are taken to be all equal to J. Without loss of generality, J can be set to unity. In addition, we set V i = 1 for simplicity and take the households' consumption C i = 1/p i as obtained from a logarithmic utility function with identical preference for all products.
When W = 0, the spectrum of M can be computed, as discussed in the previous section, with an isolated leftmost eigenvalue given by λ min = z − J c. As W increases, the spectrum evolves as shown in Fig. 1 . In the case of c = 7, the isolated eigenvalue disappears when W = W * ≈ 15.5, and the edge of the spectrum corresponds to a localized eigenvector. In the following, we fix the average productivity to z = f c (W ) such that λ min = ε = 10 −8 (the function f c (W ) is shown in Fig. 2) . The model then only depends on two parameters: the connectivity c and the productivity heterogeneity W . We will study along this critical line different characteristics of the corresponding economy.
Two quantities are of particular interest for this paper (a more throughout account of the results will be reported in [34] ). One is the distribution of firm size, defined as the total sales i = z i γ i p i . Quite interestingly, while this distribution has thin tails when W is small, it becomes fat-tailed (Zipf-like) as W increases, as observed empirically [61] , but with an exponent that appears to vary with W and c (see Fig. 3 , inset). The emergence of a powertailed firm size distribution is a consequence of the criticality of the model, but requires the extreme eigenvectors to be localized and heterogeneous, as it is the case for W sufficiently large.
The second quantity is the distribution of crises amplitudes , defined as the total size of the firms that are such that their equilibrium price becomes negative after an idiosyncratic shock of amplitude −δz hitting a certain firm . (Shocks on the coefficients J i j lead to qualitatively similar results). While in a fraction of cases nothing much happens, an avalanche can develop where a number of firms "go under", in the sense that their equilibrium price becomes negative. Conditioned to such events, the distribution of is found to be of three types (see Fig 4) :
1. mostly "system wide", where a substantial fraction of the output is wiped out. This occurs when W < W * and δz > N λ min , as expected from our general discussion;
2. thin-tailed, where avalanches are restricted to particularly fragile firms connected to .
This corresponds to W > W * , and weak perturbations δz < g, in which case only one (or a few) localized eigenvectors close to the edge propagate the crisis.
3. fat-tailed, where small crises coexist with large crises (a feature of Self-Organized Criticality, as recalled in the introduction). This happens when δz g, i.e. when a large collection of eigenstates are mobilized in the crisis propagation.
The generic existence of three crisis scenarii is, we believe, quite interesting. In particular, the possibility that a small, idiosyncratic shock can lead to system-wide trouble, or else to avalanches of all sizes, has potentially deep consequences on our understanding of the business cycle and on crisis prevention policies. Of course, the above analysis postulates that the economy is close to criticality, i.e. that λ min → 0. Why this should be the case is obviously the crux of the matter, and will be discussed in the next section.
The above scenario is strongly reminiscent of similar ideas in an ecological context, where the disappearance of a single species can lead to mass extinctions mediated by network effects [30, 33] . A major difference, however, is that the economic network is not static and can in principle adapt to new conditions on relatively short time scales (at least compared to evolutionary timescales). With our framework, we expect that if a supplier undergoes some difficulty (i.e. its equilibrium production is found to be negative), its customers may choose to rewire and look for alternatives. Furthermore, one expects that the market clearing and zero profit conditions will be temporarily violated. An extension of the present model that would take such dynamical effects into account would certainly be extremely interesting (see [26, 39] for preliminary work in that direction). But what is clear is that if rewiring takes time and/or is costly, the "paper crises" found above would indeed materialize as actual defaults. Since economic frictions are indeed substantial are rewiring cannot be instantaneous, we expect that the present scenario could be relevant to understand real world crises [36] [37] [38] .
Let us finally come back to the case of partial substitutability, i.e. when the parameter q appearing in Eq. (1) is larger than zero. Since the matrix ( M) i j = z ζ i δ i j − a qζ i j J ζ i j is a continuous function of q, it is clear that if the smallest eigenvalue λ min is negative for q = 0, it will remain so for a certain range of q. We have checked numerically on some examples that this is indeed the case; the economy is only stabilized when q exceeds a (problem dependent) value q c > 0. Not surprisingly, allowing for more substitutability can stabilize an otherwise unfeasible economy.
An in-depth study of this new threshold will be presented in our forthcoming work [34] , but we expect all the properties reported in this section to hold true for all q > 0 when the system is close to criticality. be amplified if firms systematically favour links toward hubs (as suggested in [38] ), leading to a "scale-free" free input-output network [65] . Interestingly, a stability-constrained growth mechanism for networks, whereby a node is freely added to the network if it does not destabilize the system but induces rewirings in the network until stability is found again if it does, has been found to generate such scale-free networks [66] .
The second evolutionary effect is, even for a fixed size N , the complexification of the production process, i.e., technology progress means that a wider array of products are needed as inputs. If the average productivity z remains the same while the average connectivity c increases, the system eventually reaches the instability point (which in the simplest case reads z = J c). Hence productivity must increase at some minimum rate for the economy to remain stable. But since increasing productivity is costly, one can postulate that the average productivity z will tend to hover around the minimal viable threshold, and sometimes lagging behind, leading to occasional endogenous crises. Similarly, as mentioned after Eq. (2), firms tend to optimize their portfolios of suppliers, thereby reducing their redundancy but, by the same token, reducing the effective substitution effects captured by the CES parameter q. As q → q + c , the economy will again become unstable.
Finally, we have assumed that firms are perfectly competitive and that equilibrium corresponds to zero profit. Now, in more realistic situations, firms attempt to realize positive profits and distribute dividends. If the profit target of firm i is a certain fraction ϕ i of its total sales z i γ i p i , it is easy to see that Eq. (8) remains identical but with a shifted, effective productivity z i → z i (1 − ϕ i ). As firms attempt to maximize their profits, the average effective productivity goes down, until the marginal stability point is reached and a crisis ensues. After the crisis, economic actors revert to more reasonable levels of markups (i.e. reduce ϕ i ), which makes the economy viable again -until the next crisis.
One could probably come up with other mechanisms that drive the economy towards instability, see for example [67, 68] . Our conjecture is that evolutionary and behavioural forces conspire to keep the economy close to marginal stability. As anticipated by Bak, Chen, Scheinkman, and Woodford [1, 2, 29] and confirmed in this paper, this scenario would be a natural explanation of the broad (Zipf-like) distribution of firm sizes, and of the "small shocks large business cycle" puzzle, that both suggest some kind of criticality. Crises should then be understood as intrinsically non-linear events, where feedback loops of arbitrary size contribute to propagating and amplifying idiosyncratic shocks.
There are many directions to explore further. The most important one is, in our opinion, to endow the model with some realistic dynamics, perhaps along the lines of [26] , that would include frictions, myopia, imperfect market clearing, rewiring, etc. This would make the model more realistic before attempting to calibrate it on empirical data, since within the present static setting crises are signaled by the appearance of negative prices, beyond which the model ceases to make sense. Investigating how crises actually unfold dynamically would certainly be very insightful.
